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The supercontinent Pangea was at its maximum subaerial exposure during the 
Late Triassic, causing an extreme paleoclimatic state. Seasonal, potentially monsoonal 
weather patterns affected the supercontinent and influenced depositional environments. 
The Upper Triassic Chinle Formation in Paria, Utah within Grand Staircase-Escalante 
National Monument provides an excellent exposure of rocks, mostly paleosols, which 
contain paleoclimatic indicators. This research presents an interpretation of Late Triassic 
depositional history and paleoclimate in southern Utah using stratigraphy, sedimentology, 
clay mineralogy, and QEMSCAN analyses from the Chinle Formation at Paria, Utah. The 
stratigraphic section was divided into three lithostratigraphic intervals based on outcrop 
descriptions, combined with petrographic, mineralogical, and geochemical analyses. The 
lowermost unit, interval 1 (0-68.8 m) contains low chroma paleosols with a relative 
abundance of the clay mineral kaolinite, reducing features and trace amounts of sand. Bk 
and k-horizons (pedogenic carbonate which forms from the repeated wetting and drying 
of soils) are present only in the upper 10 m of this interval. Interval 1 represents a more 
humid environment than the upper intervals, and potentially correlates to the Blue Mesa 
and Sonsela members of the Chinle Formation. The Bk and k-horizons in the lowermost 
interval may indicate that seasonality became more pronounced near the upper part of the 
section. Compared to interval 1, interval 2 (68.8-170.3 m) has fewer reducing features 
and an increase in pedogenic carbonate and slickensides, indicating climatic seasonality 
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was still present. Interval 2 probably correlates to the Petrified Forest Member of the 
Chinle Formation. Interval 3 (170.3-237.4 m) contains an increase in sand from fluvial 
deposits such as sandstone and conglomerates, and may correlate to the Owl Rock 
Member of the Chinle Formation. This change in deposition is most likely related to 
either avulsing river systems or ephemeral stream deposits. Overlying the Chinle 
Formation in Paria is the Wingate/Moenave Formations that contain eolian dune deposits 
in addition to fluvial and lacustrine environments indicating more prolonged aridity. The 
Chinle Formation at Paria, UT thus appears to support existing regional interpretations of 
a regional paleoclimatic shift from wetter to drier conditions as Pangea drifted northward 
through the Late Triassic. 
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 INTRODUCTION 
 
Non-marine depositional systems are complex but potentially informative about 
landscape evolution and paleoclimate (Kraus, 1999). The Upper Triassic Chinle 
Formation is of particular relevance to nonmarine systems and paleoclimate: it consists of 
fluvial and minor lacustrine depositional environments with extensive exposures 
throughout the Colorado Plateau (Stewart et al., 1972; Blakey and Gubitosa, 1983; 
Dubiel, 1987; Matthews et al., 2007). Despite many decades of research on the Chinle 
Formation, critical questions remain regarding paleoclimate and depositional 
environment, particularly in the chosen study area of southern Utah, and the long-term 
evolution of alluvial systems as related to various controlling factors such as climate. 
The purpose of this study is to use sedimentology, paleosol morphology, detailed 
petrography, and clay mineralogy/geochemistry to reconstruct the depositional history 
and paleoclimate of the Chinle Formation in south-central Utah. This research focuses on 
the Chinle Formation near Paria, Utah, in Grand Staircase-Escalante National Monument, 
in order to: a) document stratigraphy and sedimentology with a focus on clay mineralogy 
of paleosols; b) attempt to provide stratigraphic correlations for a better regional picture 
of Chinle Formation evolution; c) relate these findings to the broader topics of ancient 
non-marine records of changing landscapes and climate; and d) compare different 
approaches to mineralogical investigations of fine grained rocks, specifically using x-ray 
diffraction (XRD) and QEMSCAN, an automated SEM-based mineral characterization 
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system (Pirrie et al., 2003). I hypothesize that alluvial successions and paleosols in the 
study area contain paleoclimatic indicators that reveal a monsoonal climate that 
intensified near the end of the Late Triassic and caused more widespread aridity into the 
Jurassic (Parrish, 1993; Tanner, 2000).  
 Paleoclimate studies are important given the modern context of global warming. 
Anthropogenic forces are commonly cited as having massive impacts on earth systems 
(Wilkinson, 2005), including changes in atmospheric carbon dioxide that drive global 
warming (Karl and Trenberth, 2003; Mitchell et al., 2006). Sedimentary rocks and 
ancient depositional systems provide a critical context for modern climate change, 
because of the unique ‘deep time’ insight that can be gained only from the geologic 
record (McCarthy, 2000; Freeman, and Goldhaber, 2011; Erwin et al., 2012). In addition 
to the deep time perspective, the Late Triassic is a time of increased levels of carbon 
dioxide (Prochnow et al., 2006), which makes it even more relevant to modern global 
warming. Recent observations of the modern and the Holocene do not provide thorough 
information regarding climatic responses to massive, rapid input of CO2. In order to 
understand this, a proper analogue needs to be a time period(s) where CO2 concentrations 
were as high or higher than today (Zachos et al., 2008). 
 Although paleoclimate studies are critically important, interpreting ancient 
climate from the rock record is nontrivial, involving the interpretation of various proxies 
for environmental and climatic change. For example, the isotopic composition of soil 
carbonate is a potential indicator of atmospheric partial pressure of carbon dioxide 
(pCO2), and this can be determined by studying the δ13C/12C isotopic ratios of organic 
carbon in paleosols (Cerling, 1991; Elliot 1997; Tanner, 2001; Cleveland et al., 2008a). 
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Similarly, the depth of carbonate from the paleo-surface in a paleosol is related to mean 
annual precipitation. The oxygen isotope composition within the pedogenic carbonate is 
determined by precipitation; therefore pedogenic carbonate isotopes can estimate mean 
annual precipitation (MAP) (Retallack, 2005; Prochnow et al., 2006; and Breecker, 
2010). Soil clay mineralogy is also influenced directly by temperature and rainfall. 
Authigenic clays such as halloysite, sepiolite, kaolinite and smectite are generally more 
useful in interpreting paleoclimate than derived clays such as vermiculite, illite/smectite 
(I/S) clay, illite, and chlorite (Curtis, 1990). 
 Nonetheless, paleoclimate indicators are proxies, and therefore diagenetic and 
other effects must be carefully considered. For example, volcanic glass is unstable at near 
surface environments and will readily alter to montmorillonite, a smectite clay (Schultz, 
1963). Smectite can also give indications of a seasonal climate if the clay is formed in 
situ in a paleosol (Schaetzl and Anderson, 2005). In order to determine if the smectite is 
derived from a volcanic source, is authigenic, or affected by diagenesis, analyses in 
addition to x-ray diffraction (which only identifies the clay species) must be performed. 
A thin section or epoxy plug needs to be viewed to understand the interactions of the 
grains, textures, diagenetic effects, etc. Without proper analytical techniques, 
interpretations regarding paleoclimate and smectite clays may be misleading and 
incomplete. Similarly, isotopic compositions can be modified during diagenesis, 
carbonate nodules that contain sparry calcite are excluded from studies due to the high 
likely of being recrystallized disguising the true δ13C/12C values needed to estimate the 
pCO2 (Cleveland et al., 2008). 
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The Upper Triassic Chinle Formation of southern Utah contains exposures that 
may give indications of how paleoclimate influenced landscape evolution over time. This 
rock unit is particularly relevant to the issue of changes in climate, in part because its 
deposition records a major latitudinal shift that may result in changing paleoclimate 
signals  (Whiteside et al., 2011) (i.e., development and then intensifying of monsoonal 
conditions; see Dubiel, 1989) in a nonmarine succession. The Chinle Formation near 
Paria, Utah in Grand Staircase-Escalante National Monument (Figure 1) is understudied 
compared to many other Chinle Formation exposures in the region. The study area is also 
ideal for studies of depositional environments and paleoclimate because it includes a 
relatively thick succession (~240 m) of exposed rock, mainly mudstone and siltstones of 
stream and floodplain origin, which spans most of the Chinle Formation depositional 




Figure 1. Inset: Map of Utah, SLC = Salt Lake City. Small black box is the general 
location of the field area, expanded to the right in a Google Earth image. Outcrop of 




 GEOLOGIC SETTING 
 
Paleogeography  
The Chinle Formation was deposited on the western edge of the supercontinent 
Pangea during the Late Triassic (Blakey and Gubitosa, 1983). The Chinle Formation 
basin was a nonmarine continental backarc basin bound by the Ancestral Rockies to the 
east and the Cordilleran arc to the west and south (Figure 2 and Figure 3) (Blakey and 
Gubitosa, 1983). The basin migrated from about 5-15 degrees north of the paleoequator 
during deposition of the Chinle Formation (Figure 4) (Van der Voo et al., 1976; Kent and 
Olsen 1997; Kent and Irving, 2010). 
The active Cordilleran arc provided some input for the volcaniclastic material 
present in the Chinle Formation (Stewart et al., 1986). However the fluvial deposits of the 
Chinle Formation show dominantly north or northwest paleocurrent directions indicating 
a southerly source as well (Blakey and Gubitosa, 1983). Pebbles and cobbles >25 cm, 
some comprised of altered vitric tuffs that altered to clays were deposited in the 
conglomeratic layers in the lower Chinle Formation suggesting they could not have 
traveled far (Stewart et al., 1986; Riggs et al., 1993; Basdekas, 1993). Volcanic lithics in 
the study area of Paria, Utah are particularly pumaceous and therefore also suggest a 
more local source (Basdekas, 1993). The Mogollon Highlands may represent this source 
area (Figure 2), but the U-Pb isotope geochronology of volcanic rocks found in southern 
Arizona and northern Sonora may indicate that this source is too young (~25 million 
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years) to have influenced Chinle Formation-aged rocks (Stewart et al., 1986). The 
Mogollon Slope is potentially a better termed used for this region because the highlands 
did not fully form until later in the Jurassic and into the Cretaceous (Bilodeau, 1986), 
although more recent authors still include the Mogollon Highlands on paleogeographic 
maps of the Triassic (e.g., Dickinson and Gehrels, 2008). Chinle Formation 
sedimentation ceased when Laurentia (the North American craton) drifted into desert 
paleolatitudes and Jurassic age sedimentation began (Dickinson and Gehrels, 2008). 
 
Stratigraphy  
The Chinle Formation is up to 520 meters (~1,700 feet) thick in east-central 
Arizona and west-central New Mexico, and decreases in thickness to the north and 
northeast (Stewart et al., 1972). It is fully nonmarine due to tectonic uplift during the Late 
Triassic (Blakey and Gubitosa, 1983). The Chinle Formation lies unconformably above 
the Early to Middle Triassic Moenkopi Formation, the Tr-3 unconformity (Figure 5), 
(Pipiringos and O’Sullivan, 1978) or the Permian Cutler Group (Stewart et al., 1972). 
The late Middle Triassic and early Upper Triassic rocks were either not deposited or were 
eroded away before Upper Triassic rocks were deposited (Dubiel, 1994). The Lower 
Jurassic Wingate and Moenave Formations unconformably overlie the Chinle Formation 
(the J-0 unconformity; Figure 5) (Pipiringos and O’Sullivan, 1978; Dubiel, 1991). 
Radioisotopic age constraints on Chinle deposition are sparse, due to lack of 
widespread volcanic units suitable for dating (Mundil, 2007). Recent research has shown 
that the Chinle Formation deposition is probably mostly Norian (~227-228 Ma) and 
Rhaetian and that the Norian may have spanned upwards of 20 Ma (Muttoni et al., 2004; 
Furin et al., 2006; Irmis et al., 2011). The Blue Mesa Member found in Six Mile Canyon 
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of western New Mexico contains U-Pb zircon dates of ~218 Ma (Ramezani et al., 2011; 
Irmis et al., 2011) so at least the beginning of the Chinle Formation deposition is before 
218 Ma. The end of the Triassic is an important date to constrain due to the decline in 
biodiversity and flood basalt volcanism (Morton and Hesselbo, 2008; Schoene et al., 
2010). Recent dating of the end of the Triassic to Jurassic boundary is ~201.6 Ma, 
determined from zircon bearing volcanic tuffs in northern Peru (Schalteggar et al., 2008; 
Schoene et al., 2010). However it is not clear that the Chinle Formation reached the 
Triassic-Jurassic boundary and it is more likely that the Moenave Formation contains the 
transition from the Triassic to the Jurassic (Donohoo-Hurley et al., 2007, 2010). 
The Chinle Formation as a whole consists of a basal sandstone/conglomerate, and 
overlying strata are predominantly sandstones and variegated mudstones (Stewart et al., 
1972; Blakey et al., 1986) (Figure 5). In general, the lower units of the Chinle Formation 
are typically bentonitic claystone, clayey sandstones, and thin widespread sandstones and 
conglomerates, whereas the upper Chinle Formation units are predominantly 
siltstone/claystone red-beds with sandstones and minor conglomerates (Stewart et al., 
1972). 
Petrified Forest National Park in Arizona is one of the most thoroughly studied 
regions for the Chinle Formation (Figure 6 and 7). The lithostratigraphy of the Chinle 
Formation in this area has been debated and refined in more recent literature, in part 
because outcrops are found throughout the length of the park but are not continuous 
(Murray, 1990; Heckert and Lucas, 2002; Woody, 2006; Martz and Parker, 2010) despite 
their excellent exposure. Due to the discontinuity and large extent of Chinle Formation 
outcrops regionally (Figure 7), it is difficult to correlate specific member terminology 
  
10 
across regions; this is a challenge in the study area of Paria, UT. Fewer studies focus on 
the Chinle Formation strata in Utah; the main areas of previous study are within 
Canyonlands National Park of southeastern Utah (Figure 6) (Blakey and Gubitosa, 1993); 
the Paradox Basin (Prochnow, 2005, Prochnow, 2006; Matthews, 2007); Lisbon Valley 
of southeastern Utah (Dubiel, 1993, Hazel, 1994); the San Rafael Swell of eastern Utah 
(Abdel-Gawad and Kerr, 1963; Beer, 2005); the Circle Cliffs of southern Utah (Dubiel, 
1987; Brown, 2003; Beer, 2005) and near Vernal, Utah (Stewart et al., 1972, Dubiel, 
1992). Thus the Chinle Formation of southwestern Utah, specifically near Paria, is 
especially important because few studies have been concentrated there beyond basic 
stratigraphic work (Stewart et al., 1972; Blakey and Gubitosa, 1983; Basdeskas, 1993; 
Parker et al., 2006). 
A significant challenge in conducting regional correlations of the Chinle 
Formation involves the existing stratigraphic nomenclature. Member nomenclature has 
been informally assigned to some of the exposures in Paria but distinct member lines are 
difficult to define because the type sections are found much further away and do not 
correlate well. A loosely defined nomenclature for the Paria area is used in this study 
(Ron Blakey, personal communication) (Figure 8) the details of which are found in the 
interpretations section. A cross-section from Paria to Lisbon Valley, Utah shows the 
Shinarump, Petrified Forest, and Owl Rock Members located in Paria, Utah (Figure 9) 
(Blakey and Gubitosa, 1983). Two additional members, the Blue Mesa and Sonsela, have 




The Permian-Triassic interval is considered to represent an extreme paleoclimatic 
state (Dubiel et al., 1991). Pangea’s extent reached from 85° N to 90° S paleolatitude 
(Zielgler et al., 1983); therefore the continent cut across and disrupted every zone of 
atmospheric circulation (Dubiel, 1991). In addition, sea level was low (Vail et al., 1977: 
Haq et al., 1987). The large exposure of land, especially in the low mid-latitudes, and the 
warm seaway provided a source of moisture and maximized summer heating in the 
circum-Tethyan part of the continent (Parrish, 1993; Sellwood and Valdes, 2006).  Figure 
10 highlights the central portion of Pangea during the Late Triassic to highlight Walter’s 
Biomes that were modeled by Sellwood and Valdes, 2006. The location of the field area 
borders between summerwet-tropical humid and desert-subtropical arid. 
The western North American climate during the Late Triassic has long been 
debated. A widely accepted interpretation cites a monsoonal climate, e.g., a climate with 
strongly seasonal influences (Kutzbach and Gallimore, 1989; Dubiel, 1989; Hasiotis and 
Dubiel, 1994; Tanner and Lucas, 2006). A monsoonal climate is not only defined by 
seasonality, it is caused by the cross-equatorial flow circulation resulting from the 
thermal and pressure contrasts of the winter and summer hemispheres (Dubiel et al., 
1991). The monsoonal climate hypothesized for the Triassic was originally based on the 
global distribution of Triassic aged rocks that were red-beds and evaporites (Robinson, 
1971). A red-bed is considered to be a mudstone, siltstone, or sandstone that consists of 
detrital grains in a reddish-brown mud matrix or cemented by reddish-brown ferric oxide 
precipitates (Van Houten, 1964). Red-beds are important in interpreting paleoclimate 
because the reddening of alluvial and fluvial deposits occurs from the alternating of wet 
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and dry climates. During wet cycles, iron can be easily leached from iron-bearing 
minerals (Parrish, 1993). Some authors have used the term “megamonsoonal” to describe 
the Pangean climate (Kutzman and Gallimore, 1989; Dubiel et al., 1991; Parrish, 1993; 
Curtin and Parrish, 1999; Smith and Swart, 2002). Although there is disagreement 
regarding if Pangea really had a megamonsoonal climate, many workers think there was 
likely a monsoonal climate or at least an increase in seasonality over the duration of the 
Late Triassic (e.g., Dubiel, 1991; Tanner, 2000). 
By the end of Chinle Formation deposition, the Owl Rock, Church Rock, and 
Rock Point Members are hypothesized to reflect the increasing seasonality of the climate 
during the Late Triassic (Blakey and Gubitosa, 1983; Dubiel, 1989). Capping these 
members are the Triassic/Jurassic-aged Wingate Sandstone and/or the Moenave 
Formations that represents large amounts of wind-blown sand that buried any remaining 
Chinle Formation streams under an eolian sand sea (Blakey and Gubitosa, 1983; 
Clemmensen et al., 1989). 
 
Paleoecology 
Paleontological evidence aids in the interpretation of paleoclimate due to the fact 
that some organisms are adapted for very specific environments. Flora, fauna, and 
ichnofossils have been found stratigraphically throughout the Chinle Formation but are 
most prolific in members such as the Petrified Forest (Parrish, 1989). A listing of major 
flora groups in the Chinle Formation includes fungi, lycopods (tree), sphenophytes 
(horsetails), ferns, conifers, ginkos, and bennettitaleans, mainly from below the Sonsela 
Sandstone in Petrified Forest National Park in Arizona (Ash, 1972; Ash 2005). Abundant 
vertebrate fossils have been found in the Petrified Forest Member at Ghost Ranch, NM, 
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predominantly Coelophysis bauri. Over a thousand individuals of this small theropod 
have been found at this quarry (Schwartz and Gillette, 1994). Ichnofossils within the 
Chinle Formation include Scoyenia (deposit feeding insect larvae), Koupichnium 
(horseshoe crab), Camborygma (crayfish), Cylindricum (bee trace) found in the Petrified 
Forest National Park (Hasiotis and Dubiel, 1994). These organisms represent specific 
niches they can survive which indirectly indicates the prevailing paleoclimate conditions. 
In southern Utah, sphenopsids, ferns, conifers, and benettitaleans are found within 
the Shinarump and Temple Mountain Members (Ash, 1975; Ash, 1987; Ash, 2001; Ash, 
2003). Also, in the upper portion of the Chinle Formation, fragmentary ferns, 
bennettitaleans, and sphenophytes occur within fallen blocks of either the Owl or Church 
Rock members (Milner, 2006). Within the Circle Cliffs of Grand Staircase-Escalante 
National Monument, a bed within the Petrified Forest Member contains abundant fossil 
wood from the species Araucarioxylon arizonicum and Woodworthia arizonica. The 
Shinarump, Monitor Butte, Moss Back, and Petrified Forest members contain vertebrate 
fossils that are fragmentary and are identified from more complete skeletons in other 
regions. These include phytosaurs, small archosaurs, and metoposaurid amphibian 
(Parrish and Good, 1987). Vertebrate fossils found more recently in Utah for the first 
time include the aetosaur Desmatosuchus and a Paratypothorax-like species (Parker et 
al., 2006). Even less attention has been given to the Chinle Formation of southwestern 
Utah, and only fragmentary fossils have been described from this area (Dubiel and 
Brown, 1993; DeBlieux et al., 2006).  
Fossil flora has importance when interpreting paleoclimate because plants can 
give indications of paleoenvironmental conditions (Ash and Creber, 1992). Growth rings 
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in trees, for example, reflect the climate in which it grew (Creber and Chaloner 1985; 
Ash, 1992). Trees that grow in current monsoonal systems have poorly developed or 
totally lack growth rings (Fahn and Werker, 1990; Ash, 1992). The paleoclimate of the 
Petrified Forest National Park has been interpreted through fossil trees and was originally 
deemed to be without periodic seasonal influence (Ash and Creber, 1992). Subsequent 
work indicates that fossil ferns found in the park lived under a humid subtropical to 
tropical climate (possibly monsoonal), in part based on the present-day occurrence of 
living relatives in wet/monsoonal climates in Asia (Ash, 2001). However, plants growing 
in riparian environments within incised valley-fill sequences have an increased likelihood 
of being preserved compared to plants on fluvial floodplains. Thus the impacts of local 
hydrologic conditions must be addressed in addition to regional climate (Demko et al., 
1998). 
Ichnofossil tiering of trace fossils in paleosols can have direct relationship to 
paleoclimate if their post depositional paleohydrologic conditions are favorable to 
preservation. Controlling factors to trace fossil preservation as well as organism 
distribution include soil moisture content and the paleo-water table. The paleohydrologic 
system that the tiering records can be compared locally and regionally to reconstruct the 
amount of water in the substrate which shows the seasonal and annual precipitation 
trends of Pangea (Hasiotis and Dubiel, 1994). 
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Figure 2. Paleogeographic map of western North America during the Late Triassic. Local 
source areas for the Chinle Formation include the Ancestral Rockies Highlands, the 
Mogollon Highlands, and an unnamed regional source from New Mexico and Texas. 














Figure 3. Above: Late Triassic paleogeographic reconstruction of the world. Inset is 
enlarged on the right with the black star showing the approximate location of study area. 















Figure 4. Paleogeographic reconstruction of the area above and below the equator (0) of 
Pangea. The red star represents the approximate location of Paria, Utah as it migrated 
latitudinally from the Early to Middle Triassic to the Early Jurassic. Images modified 








Figure 5. Triassic and Jurassic Stratigraphy of the Smoky Mt. 30’x 60’ Quadrangle. 






Figure 6. The main areas of previous studies (see text) of the Chinle Formation in Utah 







Figure 7. Distribution of Chinle aged outcrops in the four corners region. Red star is the 
location of this study. Blue star is the Petrified Forest National Park (PFNP). Adapted 











Figure 8. Triassic rocks found in Paria, Utah with the informal intervals from this study 
labeled on the outcrop photo below. Stratigraphic section adapted from Doelling and 





Figure 9. Generalized stratigraphic cross-section from Paria, Silver Falls, Jacobs Chair, 
and Lisbon Valley, southern Utah. Towns of Escalante and Monticello, Utah, and Page, 





Figure 10. The Walter biome zones as modeled by Sellwood and Valdes (2006, adapted) 






The main goal of this study is to determine if paleoclimatic interpretations can be 
made from studying the Chinle Formation paleosols at Paria, Utah. In order to 
accomplish this, a detailed sedimentologic analysis of the paleosols was performed in the 
field with periodic sampling. Twenty eight samples were analyzed using x-ray diffraction 
(XRD) analysis and 16 samples were analyzed using Quantitative Evaluation of Minerals 
by SCANning electron microscopy (QEMSCAN). Another aspect of this research is to 
determine if QEMSCAN can accurately identify clay minerals, and to discuss the benefits 
and shortcomings of the method in this context. 
 
Stratigraphic Analysis 
One 240 m section was measured using a 2-m long Jacob staff with 10 cm 
increments at Paria, Utah. Grain size was determined using a grain size card. Color was 
determined using a Rock Color Chart (Goddard et al., 1979). Mottling, plant, vertebrate, 
invertebrate fossils, nodules (carbonate or other), carbonate cement, and slickensides, 
pedogenesis, and anything else of interest were noted. Samples were taken periodically 
and/or at horizons that have interesting features not normally seen throughout the earlier 
part of the section. Three thin sections total were also used for petrographic descriptions, 
one per interval.  
The paleosol classification system used in this paper is the US Soil Taxonomy as 
initially explained in Retallack (1990) with modifications by Mack (1993), and their 
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definitions for paleosols are used (Table 1). In this study, horizons containing root traces 
or burrows are identified as A-horizons. K horizons are more resistant units that are 
formed from coalescing carbonate nodules. A Bk horizon contains carbonate nodules as 
well, but not in a resistant layer like a K horizon. Bt horizons have accumulation of clays. 
Bc horizons contain concretions or nodules while Bg horizons are gleyed and contain 
pyrite or siderite nodules. Lastly, Bz horizons contain an accumulation of salts or salt 
crystal casts. Each of these is noted in the Appendix A for each paleosol horizon. 
These horizons were then grouped into the types of soils depending on their color 
and sedimentary features. Gleysols contains low chroma colors, may contain root traces 
and trace fossils in either A or B horizons, and lack in accumulations of carbonate. 
Vertisols were more often variations of reds, purples, and browns; they may contain trace 
fossils and often contain accumulations of carbonate as in a Bk horizon. Calcisols contain 
distinct carbonate rich horizons (K horizons). 
 
Sample Preparation for Clay Extraction 
To analyze clay minerals, ~100 g of sample was gently crushed into a coarse 
sand-sized fraction in a mortar and pestle. The crushed sample, about 5 ml of a 5% 
CALGON solution, and 1.5 centrifuge tubes (150 mL) of deionized water (DI) were 
added to a blender. The components were mixed in a blender to disperse the clays for 
about 2 minutes. About 125 ml of slurry was decanted into two 100 ml centrifuge tubes. 
The tubes were balanced together using DI water when necessary. Tubes were loaded 
across from each other in a four slot centrifuge and centrifuged for 5 minutes at 1000 
RPM (time and speed determined by Stokes Law) to remove the >2 μm fraction. The 
supernate from both tubes were decanted into four, 75 ml centrifuge tubes. Each set of 
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tubes was balanced on the scale using DI water and loaded into an eight-slot centrifuge. 
The remaining 2 μm-0.001 μm was settled at 4000 rpm for 5 minutes. All supernate was 
discarded and the remaining paste at the bottom of the tubes was removed with a spatula 
and spread on a prelabeled glass slide. Sediment was smoothed over about 60% of the 
slide to evenly cover and let air dry.  
 
Analysis using X-Ray Diffraction 
Samples were analyzed with the Rigaku XRD, DMAX 2000 located at the 
Department of Geology and Geophysics at the University of Utah, from 2-30°2θ at 4° 
2θ/minute. After analyzing the air-dried sample, the sample was placed in a closed 
container saturated with ethylene glycol vapor. The container was heated in an oven for 
>8 hours at 60° C (or overnight). The glycol saturated samples were analyzed by XRD 
from 2-30° at 4°/minute within 2 hours of removal from the glycol chamber. Samples are 
glycolated in order to expand the air-dried smectite peak that ranges from 12 Å to 15 Å, 
to 17.2 Å (Parry et al., 2002). Glycolation will also usually sharpen and increase the peak 
intensity. Select samples were baked to further distinguish clay species (the smectite peak 
will collapse all together under heating). These samples were put into a muffle furnace 
for 1 hour at 300° C and then reanalyzed immediately. Relative clay % was determined 
using the semi-quantitative method by Moore and Reynolds, (1989). 
 
Sample Preparation for QEMSCAN 
Selected samples of different facies were prepared as 25 mm epoxy plugs and 
polished in kerosene to prevent samples with abundant swelling clays (smectites) from 
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adsorbing water and falling apart. After polishing, the mounts were photographed using a 
an Olympus camera on a binocular microscope and then carbon coated to about 400 μm.  
 
Analysis by QEMSCAN 
Sixteen samples were analyzed with the QEMSCAN instrument at the Energy and 
Geoscience Institute at the University of Utah. QEMSCAN is an automated instrument 
that uses nondestructive micro-analysis of minerals, rocks, and man-made materials 
(Haberlah et al., 2010). An electron beam steps across the surface of the sample with a 
predetermined spacing and x-ray energy spectra for each pixel is acquired. The measured 
spectra are immediately compared to spectra in a reference database and each 
measurement is classified as a phase. The output consists of a digital “mineral image” in 
which each measurement is represented by a pixel. A “false” color codes for the phase 
assigned to the pixel (Pirrie et al., 2004, Allen et al., 2012 in press). Nine epoxy plugs 
were loaded and analyzed at a time and a subset of the plug was used for analysis to 
maximize information recorded. Different analytical parameters were used for each 
sample, depending on its grain size range (Table 2). 
After analysis, the measured energy spectra were reclassified using the program 
iDiscover 5.2 with the Oil and Gas Species Identification Protocol (SIP) produced by the 
company FEI. The Oil and Gas Species SIP is a collection of energy spectra that are 
specifically helpful to sedimentary rocks for the oil and gas industry. SIP’s can be edited 
and further refined for a particular projects needs. Once edited, these SIP’s are 
proprietary and are not public. For this study, the SIP was not further refined.  
Some samples had large amounts of minerals classified as “Other”. The clay 
minerals are the predominant source of this “Other” (see next section for discussion). 
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Phases representing less than 0.5% were not included due to them being a very minor 
constituent of the sample. The minerals that were above 0.5% were then normalized to 
100%. Background was not included in the data plots but can be seen mapped out across 
the samples when applicable in Appendix C. The data from the identified clays of 
smectite, illite, and kaolinite from QEMSCAN were calculated to determine the clay 
portion of the sample and compared to the XRD clay mineral relative amount 
percentages. 
X-ray diffraction data are compared to the QEMSCAN data in this study in part to 
see how accurate the Oil and Gas SIP 5.2 is at identifying clays. It should be noted that 
the clay samples were prepared for the bulk clay mineralogy of the sample brought back 
to the lab. QEMSCAN samples were chosen for the most part as bulk samples but in 
some cases, the analysis area was chosen to highlight specific features within the rock, 
such as different colors, grain sizes, etc. Therefore QEMSCAN samples cannot be 





Description Found in Paria, UT
O
Surface accumulation of organic materials (peat, lignite, coal) 
ovelying clayey or sandy part of soil
A 
Usually has roots, organic and mineral matter, forms the 
surface of a paleosol horizon that does not contain an O 
horizon 
E
Found below an O or A horizon and appears bleached because 
lighter colored, less organic, less sesquioxidic or less clayey 
than material below
B
Underlies an A or E horizon and is enriched in some material 
compared to overlying and underlying horizons (because 
darker colored, more organic, more sesquioxidic or more 
clayey) or more weathered than other horizons 
K
Subsurface horizon that is saturated with carbonate that forms 
a massive layer 
C
Subsurface horizon that is slightly more weathered than fresh 
bedrock, lacks properites of other horizons, shows mild 
mineral oxidation, limited accumulation of silica, carbonates, 
soluble salts, or moderate gleying 
R Consolidated and unweathered bedrock
Subordinate descriptors specifically for Paria, UT rocks 
c Concretions or nodules 
g Evidence of strong gleying, such as pyrite or siderite nodules 
k Accumulation of carbonates, less than a K horizon 
s Illuvial accumulation of sesquioxides 
t Accumulation of clay 
z Accumulation of other salts or salt crystal casts 
Table 1. Paleosol Definitions













0.0 25 1000 5 7
2.0 41 1000 2.5 3
2.9 40 1000 2.5 3
6.1 49 1000 3 5
38.0 16 1000 4 3
61.9 51 1000 4 9
84.6 28 1000 4 5
114.2 25 1000 5 7
129.2 16 1000 4 3
139.6 12 1000 6 5
139.8 33 1000 5 6
142.5 39 1000 2.5 3
172.3 30 1000 3 3
173.4 39 1000 4 7
179.3 17 1000 5 5








Two stratigraphic sections were measured in Paria, Utah: one 63 m thick south-
facing outcrop consisting of the Shinarump Member, and another 240 m thick outcrop 
down-dip of the Shinarump on the western facing side of Gingham Skirts Butte (Figure 
11). On initial visual inspection there are three intervals across the butte that are noted by 
a change in colors as seen on outcrop and on the digital elevation model (DEM) with 
hillshading and orthoimagery (Figure 12). The first interval is characterized by low 
chroma grays, blues, and greens from 0 m to 68.8 m; the second is reds and browns 68.8 
to 170.3 m; and the third interval is predominantly pinks, reds, and tans (informally 
called “candyland” and above) from 170.3 to 237.4 m. Once trenched, these colors 
change slightly (representing fresh exposures) but still show a distinct change at those 
boundaries. 
The first stratigraphic section begins in the upper portion of the Lower to Middle 
Triassic Moenkopi Formation to document the transition to the Shinarump Member of the 
Chinle Formation. The Shinarump Member erosionally truncates the Moenkopi 
Formation (Figure 13). Pleistocene (?) conglomerate overlies the top of the Shinarump 
Member at the location of stratigraphic section one. The rocks in this area dip to the east 
and the same sandstone from the first stratigraphic section can be correlated across the 
wash to the second stratigraphic section. Ten paleocurrents were measured on trough 
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cross beds from the sandstone below the second stratigraphic section (Figure 14) and 
have a northwesterly direction, which is in broad agreement with previous studies 
(Blakey and Gubitosa, 1983). The second section starts at the top of the sandstone unit in 
Figure 11 and a photograph of the section is shown in Figure 15. Each interval of the 
second stratigraphic section will be described individually, below. The detailed 
spreadsheet description can be found in Appendix A and the diagrammatic stratigraphic 
section can be found on Figure 16, with sample locations on Figure 17. 
Interval 1 (Figure 18) consists mainly of mudstone with one layer that is made up 
of fine sandstone; the generalized colors include grays, reds, and a minor portion of 
browns. Most of interval 1 is not calcareous; only carbonate nodules react with acid as 
well as one fine sandstone layer that has a carbonate cement (38.0 m, Figure 16). 
Meniscate backfilled unbranching burrows are present in samples 6.1 m (Figure 19 for a 
burrow in thin section), 22.3, and 24.6 m. Root traces are found in this interval at 6.1 m 
(Figure 18) and are evidenced by the yellowish sections of the sample. The thin section 
shows evidence of root structures and burrows. The thin section sample is predominantly 
composed of clays with sporadic silt (~10%). Mottling is abundant in the outcrop. 
Interval 1 consists of A, Bk, Bc, Bt, C and K horizons (Table 2 for definitions). The latter 
three soil horizon types are only sporadically found in this section.  
Interval 2 (Figure 20) contains mudstones, sandstones and conglomerates (with 
clasts up to a couple centimeters in diameter). The colors range from mostly reds and 
browns with a minor amount of gray. Predominantly, the carbonate nodules react with 
acid but some green mottles react to acid as well, in addition to carbonate cement in the 
matrix. Burrows are found at 84.6 m (bottom right photo of Figure 20 and in Figure 21 
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and Appendix C) and mottling is abundant (Green dots in 77.2 in Figure 20). Root traces 
were found at 80 m. Interval 2 contains A, Bc, Bk, Bt, Bz, and Bs horizons. The thin 
section sample from 84.6 m is illite rich as noted by the high pleochroism using cross-
polarized light and rotating the stage (Figure 21). The photo of the 137.3 m stratum in 
Figure 20 shows the 10 m thick channel sandstone with conglomeratic layers. 
Interval 3 (Figure 22) contains claystone, siltstone and sandstone (fine to very 
coarse) that are red, brown, and minor amounts of gray in color. Paleosol horizons 
present include A, Bk, Bt, Bs, and K. Carbonate nodular layers (K) are found in interval 3 
and the green mottles react to acid as well as the matrix in a few samples. Burrows are 
found at 196.0 m in association with large (~1/2 m) slickensides. There is an abundance 
of sand within interval 3. Some of the sand rich layers are very resistant (185.5 m) 
whereas others are very friable and break apart in your hand (191.6 m and 229.6 m). The 
sandy intervals contain trough cross bedding and reduction occurs within specific layers 
(see photographs labeled 191.6 m and 229.6 m in Figure 22). See Appendix A for 
detailed descriptions. The thin section sample from 190.9 m is a muddy sandstone with 
an abundance of rounded quartz grains. It also contains feldspar and volcanic rock 
fragments, in addition to clay-rich rip-up clasts upwards of 2 mm in thin section, some of 
which are laminated, found throughout the sample (Figure 23). 
 
Clay Mineralogy 
Twenty-eight samples were analyzed by XRD after air-drying and again after 
glycolation, the raw data can be viewed in Appendix B. A sample of a XRD pattern can 
be seen in Figure 24 at 24.6 m. All XRD patterns are combined into one plot to show the 
changes throughout the section (Figure 25). The relative clay % is shown in Figure 26. 
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Interstratified illite and smectite (I/S) is present in three samples throughout the section at 
6.1, 51.9 and 216.3 meters but do not contain the correct peak to calculate relative 
percent. Therefore the three samples with I/S are omitted in Figure 26. Four samples were 
baked in an oven to assure that smectite was being correctly identified in the samples. Of 
the four samples chosen, the main smectite peak collapsed in each of them. 
Smectite is mostly absent at the base of the section until 4.8 m and ranges from 18 
to 34% up until 84.6 m (Figure 26). From 110.6 to 151.5 m, smectite ranges from 70 to 
100%.  From 170.3 to 237.4 m, smectite ranges from 7 to 31% except for one sample that 
is 90% at 178.0 m. Kaolinite ranges from 28 to 66 % from 0 to 51.2 meters. From 76.5 
until the top of the section, kaolinite ranges 5 to 23 % except for 110.65, 170.3, 173.4, 
179.3, 190.9 and 237.4 m where it is completely absent. Illite is highly variable 
throughout the section, ranging from 53 to 72% in the first 4.8 m of section, 0 to 28% in 
the 22.3 to 51.2 m interval, and within 76.5 to 84.6 m it ranges 58 to 72%. Illite is mostly 
absent from 110.6 until 151.5 m except for 129.2 m where it is 6%. From 170.3 m until 
the top of the section, illite ranges from 57 to 93% except for its absence at 178.0 m. 
Sample 6.1 m is omitted on the clay relative % plot (Figure 26) because there are no illite 
peaks to calculate the relative % of I/S. This sample does contain kaolinite in addition to 
I/S, but calculations could not be determined. 
Overall, smectite is a minor portion of samples in interval 1 while illite and/or 
kaolinite are much more abundant. Smectite is the dominant portion of samples in 
interval 2 while kaolinite is a minor constituent and illite is mostly absent. Interval 3 




Fifteen samples were analyzed for specific features within the epoxy plugs; see 
Appendix C for detailed photographs and data. Table 3 shows the sample depths and rock 
types. An example of the data from a QEMCSAN sample at 6.1 m can be seen in Figure 
27. Figures 28 and 29 highlight the data for the sandstone samples and for the paleosol 
samples. Of the seven samples that are paleosols, calcite is only present in samples 129.2 
(3%), 172.3 (25%), and 173.4 (34%) (Figure 29). Regarding the plot of all fifteen 
samples, calcite is a minor (21% or less) portion of samples below 139.6 m and becomes 
a more major part of the samples up until sample 190.9 m (Figure 30). Smectite is a 
constituent of all samples in varying amounts of 1 to 45%. Smectite is present in the fine-
grained silts and clays as well as the fine sandstones and conglomerate samples. Illite is 
in the samples in varying amounts (3-30%) throughout the section but is absent at 6.1 m. 
Kaolinite ranges from 0 to about 7% throughout the entire section. Above 129.2 m, 
kaolinite is in three of the seven samples with less than 1%. ‘Other’ is the grouping where 
the elemental information gathered does not fit into any classified grouping. Other varies 
with no apparent pattern from 2 to 17.6%. The group “other silicates” in the fine-grained 
samples ranges from 1.5 to about 13% and for the samples other than the paleosols it 
ranges from 0 to about 4%. Plagioclase in the paleosol samples ranges from 1.5 to about 
9.5% whereas in nonpaleosol samples it ranges from about <1 to 8%. In the nonpaleosol 
samples, only the 190.9 m sample contained more than a minor amount of apatite at 
1.26%. Amphiboles were only identified in two paleosols, 172.3 and 173.4 m and were 
about 12.5 and 14.5 %. Dolomite was identified in two paleosol samples as well, 172.3 
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and 173.4 m at about 3%. Siderite was identified in minor quantities in two samples, 6.1 
m at 0.7% and 139.6 at 1.37%. 
The samples that are fine to coarse sandstones show an increase in calcite which 
therefore decreases the relative amount of quartz in the sample (Figure 28). The paleosol 
samples analyzed with QEMSCAN also show an increase in calcite up-section which 
agrees with my stratigraphic field observations (Figure 29). There seem to be no trends 
evident in any of the other minerals in either the paleosol samples or the sandstones. 
Paleosol textures can be seen in Figure 31. Samples 2.0 and 2.9 meters have a 
siltier component to them and the silt-sized alkali feldspar grains in the sample show illite 
rimming the grains. Sample 6.1 m has a finer grained texture than the first two samples 
and shows siderite concentrated in specific areas. Sample 61.9 m contains a black 
carbonate nodule that has few inclusions (mainly illite and some minor quartz) in it. The 
matrix is predominantly illite with some silt-sized quartz grains and minor calcite 
dispersed throughout. Sample 84.6 m contains a mixture of illite and smectite with the 
smectite in more or less concentrated lenses as well as dispersed throughout. 129.2 m 
contains alkali feldspars with illite rimming the grains as well. Samples 172.4 and 173.4 
m contain a large portion of calcite (20-30%) that is dispersed throughout the sample with 
amphibole and quartz. The calcite appears to be pore-filling. 
 
Clay QEMSCAN Data  
With regards to the clay portion of the QEMSCAN data, Table 3 shows the % of 
clay per sample as well as the % clay normalized to 100 and Figure 32 shows the clay 
portion of the QEMSCAN data normalized to 100%. Smectite is 26 to 45% from samples 
0 to 2 m. Samples from 6.1 to 142.5 m range from 55 to 93% of the clays in the sample.  
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Smectite range from 21 to 42% from samples 172.3 to 190.9 m. Illite is found from 0 to 2 
m from 24 to 37%, it is absent in samples 6.1 and 38 m. Illite ranges from 15 to 44% in 
samples from 84.6 to 142.5 m. Samples 172.3 to 190.9 m range from 57 to 70%. 
Kaolinite is more abundant at the base of the section, 20 to 48% in the first 2 and 
decreases to 6.5% in samples 6.1 and 38 m. Kaolinite is absent at 84.6 and 139.8 m. It is 
about 1.3 to 2.7% from 114.4 to 139.6 m. Sample 172.3 m has kaolinite of about 8% and 
then is absent in samples 173.4 to 190.9 m. 
The overall trend of the clays as identified by QEMSCAN show that smectite is 
an increasingly dominant portion of the clays in intervals 1 and 2 and a minor portion of 
interval 3. Kaolinite shows a decreasing influence upsection as well with the most 
amount in interval 1, fluctuating amounts in interval 2, and barely any in interval 3. Illite 
fluctuates in intervals 1 and 2 while it is a dominant portion of interval 3.  
 
Clays Mineralogy Using XRD and QEMSCAN 
Eleven samples were analyzed with QEMSCAN and XRD, and Figure 33 
highlights the similarities and differences between the methods. The most obvious 
difference is that XRD identified I/S in sample 6.1 m (but relative % could not be 
calculated) and QEMSCAN will not ever be able to identify I/S. Overall, the samples 
show similar trends such as an increase in smectite in interval 2 and a substantial 
decrease of smectite in interval 3. 
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Figure 11. View North showing the correlation of stratigraphic sections 1 and 2 with the 
three visible possibly correlative members shown, the basal Shinarump, the Blue Mesa, 
and the base of the Sonsela Members. Distance from stratigraphic section 1 to 2 is about 



















































Figure 12. DEM with hillshading and orthoimagery of the study area with the 
stratigraphic section transect in purple with the 3 intervals of major changes outlined and 
labeled. Area is about 1000 m by 1000 m (0.63 miles x 0.63 miles). Data from 






Figure 13. The Shinarump Member unconformably overlies the Moenkopi Formation and 
represents a braided stream complex. The location of stratigraphic section 1 is shown by 





Figure 14. Stratigraphic section 1: Shinarump Member with the contact between the 
Moenkopi Formation and Pleistocene(?) conglomerate. Rose diagram of 10 paleocurrent 
directions measured on trough cross beds in the basal Shinarump Member. Diagram 
shows a northwesterly flow. Outcrop photo within the vicinity of measured paleocurrents, 
jacob staff is 1.5 m. Photograph at top right is a close-up of ripples found in this outcrop, 





Figure 15. Stratigraphic section 2 outcrop photo of Gingham Skirts Butte. Transect 
represents 240 m in stratigraphic thickness. Intervals 1-3 are labeled. The uppermost line 






Figure 16. Stratigraphic section 2. The general color represents multiple rock colors. To 





Figure 17. Stratigraphic section 2 with sample locations.  See Figure 15 for legend. 





Figure 18. Interval 1 stratigraphic section and photos. A) Detailed stratigraphic section 
for Interval 1. B) A Bt horizon with yellow mottles throughout, pencil is about 10 cm 
long. C) An A horizon with root traces and burrows, the rectangle is approximately 2.54 
cm tall and is the location of the epoxy plug. The yellow areas are the roots and the 
burrows are the thicker red/yellow elongate features. D) A Bt horizon with a general 
color of grayish red with green hued mottles. E) A 10 cm thick fine sandstone bed. See 





Figure 19. Thin section photomicrographs of sample 6.1 m with plane polarized light. A) 
2.5x magnification shows a lense of organics and pyrite (arrow). B) 2.5x magnification 
shows a burrow, excessive polishing has thinned upper portion of the slide rendering it 






Figure 20. Interval 2 stratigraphic section and photos. A) Detailed stratigraphic section 
for Interval 2. B) A Bc horizon. C) A horizon with meniscate backfill burrows. D) An 
area with fine sand and silt with a Bz horizon infilling the uneven layer below. E) 
Highlights the mini-faults in the sandy layer. F) A succession of sandstone and 





Figure 21. Thin section photomicrographs of sample 84.6 m under plane polarized light. 
A) 2.5x magnification of a meniscate backfilled burrow. B) 10x magnification shows a 
concentrated illitic lense with silt grains within. C) 10x magnification shows the overall 





Figure 22. Interval 3 stratigraphic section and photos. A) detailed stratigraphic section for 
interval 3. B) 173.4 m, a Bk horizon. C) 185.5 m, a Bs horizon overlain by a sand layer. 
D) 191.6 m, a sandy interval with reduction along preferential bedding. E) 196.0 m is a 
Bs horizon showing an area of large slickensides. F) 216.3 m Bk horizon with a reduction 
feature in the center. G) 229.6 m is a silty sand interval with reduction areas along 






Figure 23. Thin section photomicrographs of sample 190.9 m, C = Chert, Q = Quartz, S = 
Sedimentary rock fragment, F = feldspar. A) 2.5 x magnification shows the overall 
texture of the sample and S in the upper left image shows a laminated sedimentary rock 
fragment, B) 5x magnification shows a higher magnification image of the grains. C) is 










Figure 25. X-ray diffraction patterns of clay throughout the section. The patterns are not 
to scale in the vertical. Note kaolinite decreases upsection while smectite becomes more 





Figure 26. Relative clay % of samples that were analyzed by x-ray diffraction. I/S was 
identified in three samples (6.1, 61.9 and 216.3 m) but did not contain peaks to calculate 





Figure 27. QEMSCAN data for epoxy plug 6.1 m, 5 mm x 1 mm rectangle with 3 mm 
pixel spacing, a paleosol sample from interval 1.  A) From left: Backscatter image, map 
of all minerals, each individual mineral in decreasing abundance excluding other silicates 
and siderite. B) Mineral abundances. C) 25 mm diameter, approximate location of 















Figure 30. All QEMSCAN data, values are in weight percent of sample.  






Figure 31. Paleosol textures for the first four paleosol samples analyzed using 
QEMSCAN. A) and B) show illite rimming alkali feldspar grains. C) Siderite (a minor 
portion of the sample), interspersed throughout an area dominated by chlorite. D) A 
carbonate nodule and the higher magnification image shows quartz grains dispersed 
throughout a matrix of illite, E) A lense of chlorite and smectite and a matrix of 
dominantly illite. F) shows the illite rimming alkali feldspar grains. G) and H) show 
calcite cementing grains together. Detailed mineral modal proportions of all samples are 








Figure 32. All QEMSCAN clay data normalized to 100%. 





Figure 33. Graphs comparing XRD and QEMSCAN. A) 11 samples analyzed with XRD, 
Sample 6.1 m contains I/S but values could not be calculated, shown on the plot to 
highlight the difference between XRD and QEMSCAN. B) Same 11 samples analyzed 
with QEMSCAN showing clay data only. The data is not expected to be exactly the same 
but show similar trends such a decrease in kaolinite upsection and a predominance of 






















0 7762 25 15189 49 8192 26 31143 265527 12
2.0 43994 38 28089 24 44443 38 116526 498147 23
2.9 56240 34 33849 21 73718 45 163807 498021 33
6.1 0 0 18981 7 263511 93 282492 578740 49
38.0 0 0 2060 6 30016 94 32076 190482 17
84.6 101094 45 0 0 124041 55 225135 323064 70
114.2 31081 23 3722 3 102389 75 137192 276916 50
129.2 16717 24 1965 3 51955 74 70637 189049 37
139.6 9308 16 767 1 48961 83 59036 140987 42
139.8 14415 27 0 0 38793 73 53208 360426 15
142.5 63409 30 2627 1 147686 69 213722 469488 46
172.3 13121 70 1474 8 4099 22 18694 344645 5
173.4 29102 79 0 0 7956 21 37058 453661 8
179.3 20460 73 0 0 7607 27 28067 197673 14
190.9 99150 58 0 0 72347 42 171497 442755 39







The Chinle Formation stratigraphy of the study area (Paria) comprises river and 
floodplain environments as evidenced by the abundant pedogenic features in the 
paleosols. The relatively thick Chinle Formation succession here is a good place to 
document a poorly-studied section and determine if any paleoclimate implications can be 
interpreted using stratigraphy, clay mineralogy, composition, and textures. On visual 
inspection and initial interpretations, the three distinct intervals of colors across the butte 
(Figure 12) are related to changes in depositional style during the Late Triassic, which I 
discuss in the following paragraphs. 
 
Sedimentology and Stratigraphy: 
Shinarump 
The Chinle Formation units of the Paria region includes the basal Shinarump 
Member which infills paleovalleys in the Lower Triassic Moenkopi Formation (Figure 
13). The Shinarump Member is a sandstone and conglomeratic sandstone unit that was 
deposited within braided streams.  The abundance of trough cross beds and the fining 
upwards are partial evidence for braided stream deposition (Dubiel 1987). Additionally, 
the geometries and characteristics of these sandstones and their proximity to an 
abundance of paleosols are indicative of a fully terrestrial continental deposit. These 
streams predominantly flowed in a northwesterly direction, as indicated by paleocurrents 
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in the study area (Figure 14) and confirmed by other regional studies (Blakey and 
Gubitosa, 1983). 
 
Interval 1 (Blue Mesa Member and Sonsela Member Equivalent) 
Interval 1 consists predominantly of low chroma colors (Figure 15). In sample 6.1 
m, burrows as well as root structures can be seen (Figure 18). The root structures are 
evidenced by the drab yellow halos, which form when anaerobic activity occurs in 
stagnant water around roots and chemically reduces the surfaces leaving the areas 
oxidized (Retallack, 1990). At 56.5 m, the upper portion of interval 1, pedogenic 
carbonate nodules are seen in increasing amounts associated with a K horizon (a resistant 
layer consisting of coalesced nodules) (Figure 18). The clay data below 6.1 m show that 
smectite is lacking and I/S is evident as in inflection at the beginning of the difractogram 
in sample 6.1 m (Figure 25). This inflection means that there are some swelling clays in 
the sample, but nothing identifiable and relative percent cannot be calculated. The lack of 
smectite and the evidence of illite could mean that smectite was converted to I/S during 
burial. However, studies have shown that the change from smectite to I/S to illite is a 
very gradual change that can be seen over hundreds of meters (Moore and Reynolds, 
1989). The change in the Paria samples is found over a very short range, around 20 m. 
Alternatively, the lack of smectite in this interval could also mean the source area of the 
sediment only had illite and I/S available therefore no smectite could be deposited. The 
mineral composition and textures of QEMSCAN samples that are paleosols can be seen 
in Figure 31. Samples 2.0 and 2.9 m are similar in composition except that 2.0 is a bit 
siltier, but both show illite rimming the alkali feldspar grains which indicate that the illite 
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formed in situ. The clays in samples 6.1 and 61.9 m do not rim any of the grains and 
seem to be randomly dispersed throughout the samples. 
Interval 1 represents vertisols and calcisols (the K-horizons) and indicates a 
moderately wet climate. Soils were periodically waterlogged and abundant gleying and 
mottling occurred. Pedogenic carbonate nodules are found near the top of interval one, 
indicating seasonal wetting and drying (monsoonal conditions) became a more 
pronounced part of the climate. Pedogenic carbonates form in climates where distinctive 
seasonal variations in precipitation minus evaporation occur (Breecker, 2010). The 
presence of pedogenic calcite, especially in nodular layers, is important because it has 
paleoclimatic implications. Calcite precipitates out when the soil goes through wet/dry 
cycles with evaporation. The wetting causes calcite to infiltrate to a certain extent within 
the soil horizon (dependent on grain size, amount of moisture available, etc), and after 
drying, the calcite precipitates out. Eventually very resistant layers (K-horizons) can form 
after enough accumulation. The presence of pedogenic carbonate nodules from 56.5 until 
68.8 m (interval 1), and in overlying intervals at 84.6 to 100.8, 110.6, 178.2 m indicate 
that seasonal dryness is present (Figure 16; Breecker, 2010). 
Interval 1 is interpreted to include the Blue Mesa Member and Sonsela Members. 
In the literature, the Blue Mesa is described as a grayish-purple and light greenish-gray 
bentonitic mudstone with minor red-bed mudstones. In addition, color mottling, 
pedogenic bioturbation, reduction spots, calcrete nodules and horizons are characteristic 
of the Blue Mesa at Petrified Forest National Park (Heckert and Lucas, 2002) and the 
same features are seen at Paria. The Sonsela Member located in the Petrified Forest 
National park consists of interbedded sandstones and mudstones (Martz and Parker, 
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2010). The mudstone units of the Sonsela Member, in comparison to the Blue Mesa 
Member, contain a greater variety of colors, and less blue-greys and exhibits a greater 
maturity of calcretes and nodules that form coalesced horizons (Tanner and Lucas, 2006). 
The mudstones found in Martha’s Butte beds of the Sonsela Member contain the red and 
gray “candy stripping” and well-developed pedogenic carbonates nodules are most 
similar to the rock units found at Paria. 
 
Interval 2 (Petrified Forest Member Equivalent) 
Interval 2 contains few low chroma colors and is predominantly red in color 
(Figure 15). Burrows are present sparsely within the section (Figure 23). There are 
carbonate nodular layers sporadically seen throughout interval 2 (Figure 20). The texture 
of samples 84.6 m (Figure 32) implies that the smectite is found in masses in a matrix of 
illite. This could indicate that the smectite formed from the alteration of ash because it is 
localized in the sample. QEMSCAN sample 129.2 m shows the alkali feldspar grains are 
being rimmed by illite indicating formation in situ (Figure 31). An increase in sand is 
evident in the latter portion of the section and from 139 to 149 m, a 10 m thick channel 
sandstone with interbedded conglomerate at the base is present. The presence of this 
channel may indicate it was avulsing or migrating across the floodplain at this time 
because this is the first evidence of a channel in this section (Figure 16). 
Interval 2 represents vertisols and calcisols as well as small braided streams in 
comparison to the Shinarump Member braided streams. Interval 2 shows an increase in 
monsoonal conditions due to the abundance of pedogenic carbonates throughout the 
section as compared to interval 1. It also contains an abundance of red-colored rocks that 
may be related to seasonal wetting and drying (Parrish, 1992). Red soils can result from 
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the presence of hematite, which form under well-drained conditions. This can be 
attributed to paleoclimate but can also be the result of channel avulsion causing better-
drained conditions (Fallin et al., 2004). The red colors in Paria are rarely associated with 
channel sandstones so are unlikely to be caused by channel avulsion. However, ferric 
oxides arguably can form in early to late diagenetic oxidizing Eh-pH conditions, 
potentially indicating red beds have no significance to paleoclimate (Dubiel, 1993a). The 
paleosol colors of Paria could be affected by paleoclimate or diagenetic alteration but 
cannot be fully resolved with the methods in this study. 
The Petrified Forest Member is characteristically bright and variegated in color 
and contain some structureless, nonresistant claystone and clayey siltstone; cross-
stratified non-resistant clay sandstone; and fewer cross-stratified ledge forming 
sandstones (Stewart et al., 1972). The Petrified Forest Member of Paria exhibits the same 
general characteristic rock types and is represented by interval 2. 
 
Interval 3 (Owl Rock Member Equivalent) 
The most distinguishing feature of interval 3 is the higher proportion of sand than 
either interval 1 or 2 and more abundant larger slickensides (Figure 16). Carbonate 
nodules are lacking in the last 22 m of section potentially indicating more persistent 
aridity. The textures of samples 172.4 and 173.4 m both show that calcite is in the matrix 
and comprises 20-30% of the sample (Figure 32). This means that it probably formed 
from the wetting and re-drying of the paleosols and the calcite leached into the soil, 
filling in pores. 
Interval 3 represents the same types of soils as the first two intervals, vertisols and 
calcisols. The absence of calcisols from the end of the section may indicate the end of the 
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monsoonal climate but it also could indicate that there wasn’t enough calcium carbonate 
in the system to precipitate out. 
The average grain size changes throughout all three intervals. Interval 3 has the 
coarsest grain sizes. The finer grain sizes, silts and clays are found most abundantly at the 
base of the section in interval 1. These fine grain sizes impede drainage and causes water 
logged soils. Up-section in the upper portion of interval 2 and throughout interval 3, sand 
(Figure 16) is a more major part of the rocks therefore the ability of soils to drain 
increases. The increase in grain size is likely due to the fact that the river systems are 
avulsing in intervals 2 and the bottom portion of interval 3 or that ephemeral stream 
deposits are forming from the more intense seasonal rains.  
Interval 3 is most likely the equivalent of the Owl Rock Member. As noted from 
the literature this member contains pale red to light-greenish-gray carbonate ledges with 
various brown colored mudstone, siltstone, and fine sandstones (Dubiel, 1993).  
 
Paleoclimate 
One of the goals of this project is to determine if the Chinle Formation paleosols 
of Paria give any indications of the changing climate of the Late Triassic in Utah. 
Regarding clay mineralogy, kaolinite seems to be the only clay that formed from specific 
paleoclimatic conditions within the study area. Kaolinite is most abundant (30-65% of the 
clay portion of the samples) in the lower portion of interval 1 (Figures 27). It generally 
forms in warm humid climates (Curtis, 1990). If the kaolinite in the section is detrital, it 
indicates that the source area (likely to the south since streams in general flow in a 
northwesterly direction) was found in a humid climate. If it is authigenic, then it could be 
a weathering product of feldspars (Schultz, 1963). Kaolinite is found sporadically in 
  
101 
minor amounts (0-25%) of the clay portion of samples in intervals 2 and 3, which 
indicates fluctuating climatic conditions of aridity and humidity. It seems likely that the 
kaolinite formed elsewhere in the basin to the southeast where the climate was similar 
and then deposited in Paria because the kaolinite is found randomly dispersed throughout 
the QEMSCAN samples (Figure 32) not as grain coatings or the alteration of other 
grains. This means that the kaolinite was likely transported, and although there would be 
a time lag from formation to re-deposition, it indicates that somewhere nearby the 
environmental conditions were appropriate (humid) for formation. Therefore it can be 
inferred that the source area climate as well as Paria were both humid to an extent during 
kaolinite formation and re-deposition. 
The smectite clays found in Paria could be the result of chemical weathering from 
warm temperatures and greater rainfall (Robert and Kennett, 1994). However, abundant 
volcanic input was likely during the Late Triassic, from the active Cordilleran arc as well 
as possibly the Mogollon slope (Figure 2). Volcanic ash alters to smectite clay (Tribble, 
1994). Therefore it is likely that most of the smectite clay found in the rocks at Paria is 
derived from volcanic ash and not from climate induced weathering reactions. 
Illite is found sporadically throughout the section but most abundantly within the 
first and third intervals. If illite was authigenic or formed in the soil, a clay rim may be 
seen around the deteriorating grain or delicate intergrowths. Illite is found to be rimming 
grains, mostly alkali feldspar grains in the QEMSCAN samples (Figure 32). The 
alteration of feldspar to illite is a common occurrence (Nesbitt and Young, 1989) and 
does not have major paleoclimate indications. 
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Diagenetic minerals can be difficult to distinguish but are formed after burial and 
are affected by increasing pressure and temperature. Interstratified illite/smectite (I/S) is a 
diagenetic or detrital mineral.  The Chinle Formation did not reach the appropriate burial 
depth and temperature for illite to form from smectite (Zuber and Parnell, 1989), but 
experimental work has show shown that the repeated wetting and dying of smectites in 
highly alkaline solutions can cause illitization to occur (Sroden and Eberl, 1984). Such 
conditions are not evident at Paria, and therefore it is likely that the I/S is detrital, 
forming elsewhere at an earlier time and then re-deposited in the Paria strata. 
The increase in calcite and pedogenic carbonate in the rocks also point to 
increased seasonality, pedogenic carbonates form in climates where distinctive seasonal 
variations occur (Breecker, 2010). The increased sand in the upper portions of the section 
came mostly from channel avulsion and/or the increase in ephemeral streams. These 
ephemeral streams form from the more intense seasonal rains that caused increased 
erosion of intrabasinal material. 
In summary, the clay kaolinite is a paleoclimate indicator of humid conditions 
whereas smectite probably formed from the volcanic ash that was being brought in by the 
Cordilleran Arc and/or a more southerly source (Figure 2). Illite is probably for the most 
part detrital except for samples where it rims alkali feldspar grains, indicating in situ 
formation. The increase in calcite and sand in the section also suggests increased dryness. 
It is important to note that this is just one section in one field area. Some of these 
paleoclimate indicators maybe localized but without further study in different areas, the 
degree of how localized these factors are cannot be determined. In addition, the changes 
upsection may be due to the changes in paleoclimate coupled with the northward 
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movement of Pangea. Trying to disentangle climate from the northward movement of 
Pangea or basin-scale tectonic change would be an ideal further study for this region.  
 
QEMSCAN vs Clay Mineralogy XRD 
One important difference between x-ray diffraction and QEMSCAN analysis that 
should be noted is that XRD clay samples are from crushed whole rock samples, 
unbiased to any grains or color change, whereas there were very specific goals for the 
QEMSCAN analyses; to better understand the differences and textures within the sample. 
Therefore they should be similar in composition but there is no expectation that they 
should be exactly the same. 
XRD analysis is the standard when identifying clay minerals in a sample. In order 
to determine if QEMSCAN is a viable method for identifying clays, 11 samples analyzed 
with QEMSCAN were also analyzed with XRD (Figure 31), and they showed very 
similar trends. Although XRD is a relatively simple and quick way to identify clay 
minerals, it does not give information regarding textures. QEMSCAN allows for 
compositional and textural data and the association of particles. If a sample is layered or 
laminated for example, QEMSCAN is able to identify the mineral make up of each layer, 
which can give clues to how it formed. 
QEMSCAN is a newer technology that has the potential to better identify fine-
grained sedimentary rocks, whereas clay XRD work is a better constrained technology. 
By comparing each method in regards to clay minerals in each sample, the rigorousness 
of the QEMSCAN method was tested.  
One of the main issues with QEMSCAN is that the interchangeable cations in 
smectite clays allows for many substitutions that the QEMSCAN Oil & Gas SIP 
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produced by FEI does not account for. For each clay mineral a specific amount of each 
element is allowed in a particle. If the amount exceeds or falls short of these values, or if 
an element such as titanium is found in the sample but not in the SIP, the particle is 
marked as “other.” This explains why there is a range in “other” from 2 to ~18% of 
samples. QEMSCAN identifies the larger sedimentary grains more accurately than clays. 
One of the main reasons for this is that a 20 µm quartz grain with a 2 µm pixel spacing 
will be analyzed 10 times, whereas a 2 µm clay will only be analyzed once. On an 
elemental map of the sample minor discrepancies in the quartz grain can be resolved 
using the surrounding data but there is no way of resolving a 2 µm grain with 
surrounding particles because they are discrete particles. There is also the issue of edge 
effects, if the beam analyzes between a quartz grain and a clay particle, a mixture of the 
two compositions will be acquired and more than likely neither particle will be identified 
correctly.  
Another reason for the difficulty in differentiating clays such as smectite and illite is 
due to their complex and interchangeable chemical formulas. One of the most common 
smectites, montmorillonite, has the chemical formula: (Al1.67Mg0.33)Si4O10(OH)2. Illite 
has the general chemical formula of K0.65Al2(Al0.65,Si3.35,)O10(OH)2, and kaolinite has the 
chemical formula of Al2Si2O5(OH)4. The distinguishing feature of illite compared to 
smectite and kaolinite is that it contains potassium (K) but it shares the same basic 
elements of Al, Si, O, and H.  The chemical formulas above are the idealized general 
formulas; once substitutions occur the mineral composition can change dramatically 
therefore the SIP for identifying minerals may have difficulties distinguishing the 
substituted versions. Table 4 shows the similarities of the compositions regarding their 
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elemental weight percent. Some of the elements are also on the border of the detection 
limit, which is about 5%. When elements are below the detection limit for a mineral 
phase, the identification program will depend on other factors in order to accurately 
identify a mineral, such as the ratio of the other minerals. 
An obvious issue that can be seen when comparing data is that XRD does not 
identify any chlorite within the samples whereas QEMSCAN does identify this mineral. 
The main issue with chlorite is that it can be a clay-sized mineral or form in larger 
aggregates. This could explain why the clay work did not identify chlorite but 
QEMSCAN did. The grain size of the chlorite was larger than 2 micrometers and never 
made it to the glass slide for x-ray analysis. On the other hand, the SIP program could be 
misidentifying an iron-rich muscovite as chlorite.  
The results outlined in the previous sections indicate some key differences 
between XRD and QEMSCAN analytical methods. XRD analysis uses the spacing 
between the clay structures to identify the minerals whereas QEMSCAN identifies the 
elements (Fe, Al, Si) and puts them together to give a chemical formula. The pitfalls of 
XRD work include overlapping peaks for specific minerals so individual peak can be 
masked; therefore the exact identification may not be able to be determined. QEMSCAN 
on the other hand does not use dangerous chemicals, is non-destructive, and can use 
whole rock, thin sections or epoxy plugs compared to powdered samples on a slide. 
QEMSCAN does have the capability to analyze powdered samples and this is what 
should be used for quantitative analysis. 
Even with some of the limitations, QEMSCAN is a good general indicator of the 
minerals, specifically clay minerals in a sample. The three thin sections that were 
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described petrographically are a minor portion of this study but were made to ground-
truth the data from QEMSCAN and XRD. The advantage of thin section work is that a 
trained eye can visually identify the grains, some of the clays, and view the grain 
interactions. What thin section petrography of fine-grained samples doesn’t give is a 
quantitative account of the sample, and point counting a sample is only useful when 
studying sandstones and siltstones, not claystones. Using all three methods, QEMSCAN, 
XRD, and thin sections is ideal, but if a quick quantitative and qualitative account of a 
sample is needed, QEMSCAN would be ideal. 
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Illite Kaolinite Na-Montmorillonite Chlorite Muscovite
(Smectite)
Elements El. Wt % El. Wt % El. Wt % El. Wt % El. Wt %
K 6.60 0.00 0.00 0.00 9.82
Na 0.00 0.00 2.09 0.00 0.00
Mg 0.00 0.00 2.20 11.78 0.00
Al 18.57 20.90 12.25 8.72 20.32
Fe2 0.00 0.00 0.00 18.05 0.00
Fe3 0.00 0.00 0.00 0.00 0.00
Si 24.44 21.76 30.60 13.61 21.15
O 41.56 30.99 43.59 25.85 40.17
H, OH 0.52 1.56 0.55 1.30 0.51
O 8.31 24.79 8.72 20.68 8.03
Total 100 100 100 100 100
Table 4. Elemental Weight % (El. Wt%) of Select Minerals
 CONCLUSIONS 
 
1) Clay mineralogy of paleosols alone implies but does not prove that there were 
major climatic shifts during Chinle Formation deposition in the Paria study area. 
The clay mineral kaolinite found within the section in addition to other features 
found indicate that the base of the section was likely more humid than the rest of 
the section. Smectite on the other hand does not seem to have any paleoclimatic 
indications and is likely the result of alteration of volcanic ash. Although it has 
been hypothesized that mainly the lower half of the Chinle Formation was 
affected by volcanic activity (Stewart et al., 1972), clay minerals and volcanic 
fragments indicate that volcanism was a significant portion of the upper half of 
the Chinle Formation as well.  
2)  Combining clay mineralogy with sedimentologic observations and regional 
stratigraphy does support an overall shift from seasonally wet to much drier 
conditions as evidenced by the change in paleosol types from gleysols to more 
vertisols and calcisols during the Late Triassic in the study area. Pedogenic 
carbonates found in the second and third intervals indicate that the climate 
became increasingly arid and seasonal overall but was punctuated by times of 
humidity. By the end of the Late Triassic and into the Jurassic, eolian sand was a 
dominating force of sedimentation. 
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3) QEMSCAN vs XRD: QEMSCAN is a non-destructive method that is used to 
identify the composition and texture of a sample. After analysis of a range of 
Chinle Formation rocks of different grain sizes and composition, the details of the 
strengths and weaknesses of QEMSCAN for this project has been revealed. 
QEMSCAN is an excellent tool to identify minerals in larger grained samples but 
it is not as good for clay-sized particles in a sample due to cation substitutions in 
clays and the inability to identify mixed layer clays such as illite/smectite (I/S). 
Although QEMSCAN may not be able to identify all clay minerals, it is still an 
excellent compositional tool that can give detailed information about a sample.  
QEMSCAN is a tool to put into a geoscientists toolbox and combined with other 
types of data such as x-ray diffraction, can further information gathered in a 
project.  
a. One of the main advantages that QEMSCAN can offer that x-ray 
diffraction cannot is compositional and textural information of a sample. 
For example in the elemental maps produced by QEMSCAN, it is easy to 
see illite rimming alkali feldspar grains but if XRD alone was performed, 
illite and feldspar would be identified but the grain interactions would not 
be. 
4) It is important that continued work with paleosols in the Chinle Formation of 
Utah is performed so the effects of paleoclimate on soil formation can be better 
















































 APPENDIX B 
 
CLAY MINERALOGY 
The following are 27 x-ray diffraction patterns with specific clays as well as 
quartz and feldspar identified on the plots. Peaks that do not pertain to clays are not 


























































Interval 1 Depth Smectite Illite Kaolinite
2.0 0 71 29
2.9 7 57 36
4.1 0 72 28
4.8 0 53 47
22.3 19 26 55
24.6 18 23 59
51.2 34 0 66
54.6 33 58 9
76.5 17 72 11
77.2 26 61 13
84.6 26 60 14
110.6 100 0 0
114.2 84 0 16
129.2 70 6 23
139.6 95 0 5
142.5 91 0 9
151.5 90 0 10
170.3 31 69 0
173.4 19 81 0
178.0 91 0 9
179.3 7 93 0
190.9 17 83 0
196.0 25 66 9
206.9 33 57 10




Table B1. Relative % Clay by XRD




QEMSCAN Figures C1-C15 with the following data in Table C1. Note that Table 
C1 does not contain background in the calculated area % but the figures show values 
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